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DOI: 10.1039/c1jm11071cScanning transmission X-ray microscopy (STXM) has been used to chemically image single and
multiple layers of a thermally reduced graphene oxide (r-GO) multi-layer sheet of the size of1 mm and
a thickness of 5 nm. The thickness of individual layers in the single sheet can be identified through
quantitative analysis of STXM. The local electronic and chemical structure of interest (edge versus
center) in different regions within the single r-GO sheet has been studied by C K-edge X-ray absorption
near edge structure spectroscopy (XANES) with 30 nm spatial resolution. High and localized
unoccupied densities of states (DOS) of carbon s* character were observed in r-GO compared to
graphite and were interpreted as the lack of strong layer to layer interaction in the former. The
azimuthal dependence of C K-edge XANES in selected locations has also been obtained and was used
to infer the preferred edge structure. The r-GO sample was also characterized by TEM, AFM and
Raman spectroscopy; the findings are in good accord with the STXM results.1. Introduction
Graphene, a single atomic plane of graphite, has quickly elevated
as a star in materials science and condensed-matter physics since
its discovery in 20041 due to its outstanding and very unique
electronic, chemical and mechanical properties.2–4 While chem-
ical avenues such as epitaxial growth5 and exfoliation of func-
tionalized graphite6,7 are suitable for making this unique 2D
material in large scale, historically, mechanical cleavage of a 3D
graphite flake was the main route.2 Exfoliation of graphite is
commonly carried out using a modified Hummer method, which
involves the oxidation of graphite followed by sonication.6,7 The
resulting product of this method is often called graphene oxide
(GO), which is electronically insulated due to the disruption of
the crystallinity by the introduction of surface functional groups
(particularly epoxide and carboxylic). GO has an inter-planar
separation considerably larger than that of graphite.8,9 Reduc-
tion of GO (r-GO) by the hydrothermal method,10 annealing
under various environments9 or chemical reduction11 can restore
the conductivity to some extent. GO and r-GO or doped r-GO
have been widely used in energy storage,10,12 catalysis13 and
electronic devices9,14,15 either as a support or as an active materialaCanadian Light Source Inc., University of Saskatchewan, Saskatoon,
Canada S7N 0X4. E-mail: jigang.zhou@lightsource.ca; jian.wang@
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14622 | J. Mater. Chem., 2011, 21, 14622–14630with superior properties. The morphology of nanocrystalline
adsorbates on r-GO surfaces can be tuned through adjusting the
surface functional group in GO, which serves as an ‘‘anchoring
site’’.6 Such an anchoring event is believed to provide a good
connection between coated catalyst nanocrystals and the GO
support, leading to desirable properties in such nano-
composites.10,12The interaction in carbon nanotube (CNT) based
nanocomposites and its effect on catalyst performance have been
studied previously.16–19 Although the CNT can be envisioned as
rolled multi-layer graphene sheets, which possesses desirable
properties as catalyst support, it has been found that the r-GO
supported catalyst has in fact much enhanced catalytic capability
over the CNT support.13,20 This enhanced performance must be
related to the r-GO’s unique electronic structure, although
experimental evidence is still relatively lacking.
X-ray absorption near edge structure spectroscopy (XANES) is
a powerful method for studying the local structure (electronic and
chemical structure) of nanomaterials.16,18,19,21–28 XANES at the C
K-edge is concerned with the measurement and interpretation of
the absorption coefficient associatedwith the excitation of the C 1s
electron to previously unoccupied electronic states as the photon
energy is scanned across the excitation threshold. The unoccupied
states can be (i) bound states (below the ionization threshold, i.e.
the vacuum level) such as the p* lowest unoccupied molecular
orbital (LUMO) in benzene or graphite; the orientation of the
molecular orbital (axis) of the p* orbital in benzene for example is
perpendicular to thebasal plane, (ii) quasi-bound,potential barrier
states (above the vacuum level but trapped by a potential barrier
set up by surrounding atoms), such as the s* orbitals in benzene
whose orientation is in the basal plane and is sometimes referred to
as multiple scattering states, and (iii) the continuum (photoelec-
trons leaving the system). These transitions are dominantlyThis journal is ª The Royal Society of Chemistry 2011
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View Article Onlinedipolar, therefore, C 1s excitation probes the unoccupied elec-
tronic states of C 2p character. The nature of the bound and quasi-
bound states is strongly influenced by the neighbouring atoms
(coordination number, symmetry and bonding). The position and
relative intensity of these resonances can be used to infer the
structure and bonding of the sample under investigation.
Furthermore, tunable polarization achievable from theElliptically
Polarized Undulator (EPU) on the SM beamline at the Canadian
Light Source employed in this experiment permits the selection of
linear and circular polarization.29 Linear polarization can be used
to determine the orientation of the molecular framework by
orientating the polarization vector of the incident light at various
angleswith respect to the orientation of the sample andobserve the
relative intensity of the p* and s* resonances, which is propor-
tional to the transition matrix element, |hi|e$r|fi|2 f |hi|cos q|fi|2
where hi| and |fi represent initial and final states, e and r the
polarization vector and the electron coordinate, respectively, q the
angle between the polarization and the orientation of the p* and
s* orbitals for example. Circular polarized light can be used to
eliminate linear dichroism in chemical imaging.
Several XANES studies of GO or r-GO and graphene
prepared by chemical vapour deposition have been repor-
ted5,8,11,30,31 along with electronic structure calculations.32,33
These studies show generally their graphitic-like feature and the
presence of oxygen containing functional groups. They all
exhibit a sharp p* transition at 285.5 eV and a s* resonance at
291 eV followed by progressively broader s* type resonances.
What is unique for graphene however is the existence of
a singularity at 283–284 eV, often referred to as a defect peak.
This peak was first reported by Pereira et al.27 and later on by
others. This defect peak is absent in highly ordered pyrolytic
graphite (HOPG) but appears after controlled ion beam doping
with C+ and is attributed to defects created by ion bombard-
ment.34 Conventional XANES is conducted over a sampling area
significantly larger than the size of an individual nanostructure so
that it probes the average property. Thus, the structure variation
between GO and r-GO sheets and variation within a single sheet
cannot be obtained, and furthermore, impurities, which are often
present albeit in small amount, also contribute to the signal.
These are drawbacks of techniques with a large probing area for
studying nanomaterials in general and graphene (including GO
and r-GO) in particular since it is well accepted that the edge
structure of graphene, namely ‘‘armchair’’ and ‘‘zigzag’’, is
crucial for its performance9,14 and high spatial resolution is
required to study them. Another challenge using conventional
XANES in studying shallow core levels is that quantitative
information on absorption, hence the sample thickness, cannot
be readily obtained using the yield detection modes (electron
yield or X-ray fluorescence yield), which is often used since the
absorption length in this energy range, e.g. C K-edge, is very
short (100 nm) and an ultrathin uniform specimen required for
transmission measurements in conventional XANES is difficult
to prepare. Scanning transmission X-ray microscopy (STXM)
using a focused beam of the size of nm provides an excellent
combination of chemical/electronic structure speciation
(XANES) and microscopy studies of a small single sheet of r-GO
on the order of nm thick and hundreds of nm wide. The SM
beamline at the Canadian Light Source provides STXM capa-
bility with a spatial resolution of 30 nm and a spectral resolutionThis journal is ª The Royal Society of Chemistry 2011of better than 0.05 eV.29 It has been successfully applied to
studies of the electronic structure and surface interaction of an
individual CNT supported catalyst17,35 as well as dopant distri-
bution in a single N-doped CNT.36 This study reports an appli-
cation of STXM in the chemical imaging of a single r-GO sheet
with varying thickness (containing several layers). The electronic
and chemical structure of selected regions (thin edge, a single
layer and thicker center, multi-layers) within this sheet is
obtained by XANES at C K-edges in transmission. Such infor-
mation will advance our understanding of the electronic struc-
ture of r-GO, especially as a building block in nanocomposites.2. Experimental
GO was made following the modified Hummers’ method,37 then
reduced to r-GO through annealing at 1050 C under a low
pressure, argon gas flow environment. Briefly, commercial
natural graphite powder (from Alfa Aesar) was used as the
starting material. Graphite (5 g) was first mixed with sulfuric acid
(87.5 mL) and nitric acid (45 mL) and stirred. Potassium chlorate
(55 g) was then added slowly and stirred for over 96 hours; after
that graphene oxide (GO) powder was obtained. The GO was
rinsed repeatedly in a 5% solution of HCl then washed with
deionized water several times. Finally, the GO was heated to
1050 C under vacuum with 2 Torr argon gas flow and held at
this temperature in the furnace to form the reduced graphene
oxide (r-GO).
r-GO powder was dispersed in ethanol by sonication, then
deposited on porous lacey carbon film coated TEM grids for
transmission electron microscopy (TEM) and STXM measure-
ments, and deposited on Si3N4 windows (thickness 100 nm,
Norcada Inc.) for atomic force microscopy (AFM) and Raman
spectroscopymeasurements. TEMwas carried out on a Jeol JEM-
1230operating at 100kV.AFMwas conductedonanAgilent 4500
AFM in intermittent contact mode using a silicon cantilever
(Nanoscience Instruments) with a curvature of radius of <10 nm,
a force constant of approximately 48 N m1, and a resonant
frequency of approximately 190 kHz. The AFM scan rate was set
to be 0.5–1.0 Hz (512 pixels per line) for all images. Raman
spectroscopy measurements were carried out on a Renishaw
InVia Reflex Raman microscope using an argon-ion laser
(Spectra-PhysicsModel 153-M42-010) operating at 514.5 nm, and
an 1800 lines per mm grating. The microscope was focused onto
the sample with a 100N PLAN objective lens (NA¼ 0.85), and
Raman spectra were obtained using the Streamline line focus
mode with a 10 s detector exposure time. The laser power was
0.23 mWmeasured at the sample. The instrument calibration was
verified using an internal Si sample at 520 cm1.
STXM measurements were conducted using the STXM at the
SM beamline of the Canadian Light Source (CLS), a 2.9 GeV
third generation synchrotron facility. The SM STXM is equipped
with a 25 nm outermost-zone zone plate (CXRO, Berkeley Lab),
and the diffraction-limited spatial resolution for this zone plate is
30 nm. A 250 line mm1 plane grating monochromator (PGM)
was used for C K-edge measurements. The incident photon flux
(Io) count rate was tuned to be 20 MHz as read by the STXM
detector in a hole of the STXM sample plate at 320 eV with exit
slits at 35/35 mm (dispersive/non-dispersive). The CK-edge image
stacks covered an energy range of 280–320 eV with an energy stepJ. Mater. Chem., 2011, 21, 14622–14630 | 14623
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View Article Onlineas fine as 0.1 eV around the XANES peaks and coarser, 0.4–1.0
eV, in the pre-edge and continuum.The image pixel sizewas 25 nm
with 1msdwell time per pixel.X-ray photon energywas calibrated
using the gas phase XANES of CO2 reported in the literature.
38
Circularly and linearly polarized soft X-ray beam generated from
the SM EPU was used as appropriate. The use of circular polar-
ized light averages out the in-plane polarization dependence of the
absorption. Two sample orientations were used: first, the photon
beam is incident normal to the sample surface so that the electric
polarization lies on the surface basal plane and second, the inci-
dent beamwas at a 30 degree angle of incidence relative to normal.
The in-plane azimuthal polarization dependence of C K-edge
XANES was performed using linear polarization (normal inci-
dence) adjusted to be parallel, perpendicular, 30, and 30 with
respect to the edge of the r-GO sheet of interest.
STXM data were analyzed by aXis2000 (available free for
non-commercial applications at http://unicorn.mcmaster.ca/
aXis2000.html). The C K-edge XANES from interesting loca-
tions were extracted from image stacks using image masks which
allow only selection of the regions of interest. XANES spectraFig. 1 Characterization of the r-GO sample by TEM, AFM and Raman spect
r-GO sheets (the Zmean of the sheets was 5.5  1.8 nm thick); (c) Raman spec
HOPG (the inset optical image shows the r-GO sheet and the two spots for Ram
of the 2D band of the r-GO sheet taken at two spots and the HOPG.
14624 | J. Mater. Chem., 2011, 21, 14622–14630from pure r-GO, lacey carbon and impurity regions were used as
reference spectra with the r-GO spectrum further quantitatively
scaled for image stack fitting to generate chemical component
maps. The color composite map was created by combining
individual component maps with the image intensity rescaled for
better visualization. More details of STXM experimental and
data analysis procedures can be found elsewhere.17,363. Results and discussions
3.1 Characterization of the r-GO sample by laboratory
techniques
Fig. 1 presents the characterization results of the r-GO sample
using TEM, AFM and Raman spectroscopy. The TEM image in
Fig. 1a shows the multi-layered general morphology of the r-GO
sheet that was used in this study. It also indicates the possibility
of folding the r-GO sheet to form thicker regions. Fig. 1b shows
an AFM topography image of the r-GO sample showing some
small isolated sheets. The Zmean of these sheets was 5.5  1.8 nmroscopy: (a) TEM image of r-GO; (b) AFM topography image of isolated
tra of the D0, G and D bands of a r-GO sheet taken at two spots and the
an spectroscopy measurements, the scale bar is 5 mm); (d) Raman spectra
This journal is ª The Royal Society of Chemistry 2011
Table 1 Peak fitting analysis of the Raman spectra of a single r-GO sheet taken at two spots and the HOPGa
Sample
2D band/cm1
D0 band/cm1 G band/cm1 D band/cm1 ID/IGPeaks Difference/cm1
r-GO spot 1 2691 (88) 2710 (66) 19 1619 (25) 1582 (29) 1353 (68) 0.34
r-GO spot 2 2691 (88) 2719 (66) 28 1615 (29) 1580 (23) 1354 (54) 0.14
HOPG 2684 (42) 2727 (34) 43 — 1580 — 0
a N.B.: FWHM values are given in brackets.
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View Article Onlineaveraged from 13 isolated sheets, and theZstd. dev. (surface height
variation of the isolated sheets) was 1.6  0.6 nm. Fig. 1c and
d present the Raman spectra of a single r-GO sheet taken at two
locations on the sheet compared with the HOPG standard
sample. The inset of Fig. 1c shows an optical image of the r-GO
sheet and the two spots (labelled 1 and 2 in white color) for
Raman spectroscopy. In Fig. 1c three main peaks are found in
the 1200–1700 cm1 range. The G band (1580 cm1) is associ-
ated with the E2g phonon mode. The D band (1350 cm1) is
associated with disorder induced defects. If sufficient amount of
defects are present in the sample, a second defect band called the
D0 band (1620 cm1) may appear. Spot 2 shows much less
intensity on the D0 band and darker color in the optical image
than spot 1, which suggests that spot 2 has higher crystalline
order. It has been well established that the shape of the 2D band
around 2700 cm1 in Raman spectroscopy is very sensitive to the
number of graphene layers.39 In graphene samples, the splitting
between the two main peaks under the 2D band increases with
increasing graphene layers approaching the bulk value associated
with HOPG.40 The peak fitting result of the Raman spectra of the
two spots on the r-GO sheet and the HOPG is listed in Table 1,
from which it shows that spot 1 has a 2D band splitting of
19 cm1 smaller than 28 cm1 of spot 2, thus the spot 1 region is
thinner. Furthermore the splitting at spot 1 is very close to the
bilayer graphene splitting of 20 cm1 reported in the litera-
ture,39 suggesting that the isolated r-GO sheet can be as thin as
the bilayer.Fig. 2 Chemical mapping of a single multilayer r-GO sheet on lacey
carbon: (a) r-GO, the vertical grey scale represents the thickness in nm;
(b) lacey carbon, the corresponding CK-edge reference XANES is shown
in the inset; (c) impurity, the C K-edge reference XANES spectrum is
shown in the inset, the vertical grey scales of (b) and (c) represent the
intensity ratio to the reference spectra; (d) colour composite map, red: r-
GO, blue: lacey carbon, and green: impurity.3.2 Chemical imaging of a single r-GO sheet by STXM
STXM data of an r-GO sheet deposited on a lacey TEM grid at
the C K-edge were collected with a circularly polarized X-ray
beam perpendicular to the sample surface. The circular polari-
zation study can avoid the possible linear dichroism effect due to
crystalline orientation.36,41 The chemical mapping of the r-GO
sheet, lacey carbon substrate and impurities was performed by
fitting the C K-edge STXM image stack with internal reference
spectra of r-GO, lacey carbon and impurity (fitting of the image
stack using only r-GO and lacey carbon generates a residue
which was denoted as the impurity, and spectroscopically it
mostly resembles aliphatic organics although aromatic or
carbonyl functional group cannot be ruled out). Regardless of
the origin, the overall contribution of the impurity to the signal is
small. The impurity is akin to mechanically exfoliated graphene
where the contamination was speculated to be hydrocarbon.42
The r-GO reference spectrum was normalized to its 1 nm thick
elemental absorption profile (assuming the density is 2.16 g cm3,
same as graphite) by fitting at both 280 and 320 eV to representThis journal is ª The Royal Society of Chemistry 2011a spectrum of 1 nm thickness r-GO. The 1 nm thick r-GO
reference spectrum is still in optical density (OD) or absorbance
(mt, where m is the linear absorption coefficient and t the thick-
ness), therefore the thickness of the r-GO sample can be mapped
quantitatively based on it. The individual component and colour
composite map of a piece of a single sheet of the r-GO sample
(containing multilayers) is displayed in Fig. 2. The maximum
thickness of the r-GO sheet is 3.2 nm after the removal of the
contribution from the background as displayed in Fig. 2a. The
image of the porous lacey carbon framework support is shown in
Fig. 2b. Impurities were localized and concentrated on two
regions on the r-GO sheet, as shown in Fig. 2c and d. Although
impurity has been mapped in this study, its concentration actu-
ally is very low (as seen by the noisy spectrum in the inset of
Fig. 2c); consequently its contribution to the electronic and
chemical structure of r-GO is negligible. The ability to distin-
guish between different types of carbon (r-GO, lacey carbon and
trace impurity) by STXM allows for the study of area-selected
XANES spectroscopy on locations of interest, for example,
single and multiple layers of r-GO and its edges.J. Mater. Chem., 2011, 21, 14622–14630 | 14625
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View Article OnlineTo illustrate further the thickness variation, especially the
identification of the edges of stepping layers in r-GO, Fig. 2a
is redisplayed by a 4-color contour map in Fig. 3a (green: 1.5–2.2
nm corresponding to X-ray absorption of 1 layer r-GO, blue:
2.2–3.3 nm (absorption of 2 layers), red: 3.3–4.4 nm (absorption
of 3 layers), and purple: 4.4–4.7 nm (absorption of 4 layers)). This
quantitation takes into account that one layer of the graphene
sheet is about 1.1 nm43 or close to it as often observed experi-
mentally.44 Thus the discrete increment of 1.1 nm from one to
four layers within the r-GO sheet strongly indicates that this sheet
contains single and multilayers. This result is consistent with our
AFM and Raman spectroscopy results. Fig. 3a also clearly
reveals the edge in each layer and allows for further locating
regions of interest for electronic structure and chemistry study.3.3 C K-edge XANES of the entire single sheet of r-GO
The C K-edge XANES of the whole r-GO sheet with the X-ray
beam (circular polarization) incident perpendicular to the basal
plane of r-GO is shown in Fig. 3b, red curve, which was obtainedFig. 3 (a) Multiple layer mapping of the single multilayer r-GO sheet; (b) angl
except impurity contributions); (c and d): C K-edge XANES for regions 1 and
eV, respectively (the difference in the statistics is due to the fact that the OD of
14626 | J. Mater. Chem., 2011, 21, 14622–14630through averaging XANES of all pixels except the impurity
regions. The lack of p* resonance intensity is apparent and this is
due to the polarization effect in that the electric vector of the X-
ray beam is lying on the plane, perpendicular to the p* orbital.
The spectral features at 283.7 eV and 285.4 eV, corresponding to
the graphene defect and p* resonance, respectively, are still
observable albeit with very low intensity. The 283.7 eV feature is
characteristic of single- or bi-layer graphene features due to
defects as reported in the literature,45 and the 285.4 eV peak
arises from regions that are not perfectly flat due to the presence
of non-aromatic regions in r-GO or wrinkle/folding of the sheet.
In addition, r-GO is known to contain many crystalline domains
surrounded by areas of defects within a single sheet. The presence
of these domains in our specimen is supported by the appearance
of D (1350 cm1) and G (1580 cm1) bands in the Raman
spectrum. The intensity ratios of D/G band (see Table 1) show
that the dimension of the crystalline domain in the r-GO sheet is
about 300–700 nm.46 To prove that the absence of p* resonance
in the normal incident geometry is due to the polarization effect
as stated above and the sheet is nearly flat, the polarization effecte dependent CK-edge XANES of the entire sheet (averaged over all pixels
2 (normal incidence) before and after normalization to absorption at 314
region 2 is about 3 times that of the OD of region 1 before normalization).
This journal is ª The Royal Society of Chemistry 2011
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View Article Onlineon C K-edge XANES was further examined at an incidence off
normal (rotating the normal of the r-GO sheet by 30 degrees
from the incident beam).
The C K-edge XANES, obtained again by averaging all pixels
of the r-GO sheet at this angle, is displayed in Fig. 3b (black
curve). As expected at this angle, we observe an increase in the
intensity of the p* resonance at 285.4 eV accompanied by
a decrease in intensity in the s* resonance, as their orbital axes
are orthogonal. Interestingly, we also observe a noticeable peak
at 288.5 eV with increasing background, this peak can be
attributed to the p* of the C]O moiety of the carboxylic group.
Since this peak is absent in normal incidence (red curve), this
observation indicates that such functional groups ‘‘lie’’ in the
basal plane, therefore they are likely concentrated along the edge.
The peak at 283.7 eV is less sensitive at this angle which means
that it has little texture, consistent with randomly distributed site
vacancy. O K-edge XANES at normal incidence was also
recorded (not shown) and the signal is weak and very noisy
indicating that the concentration of the oxygen containing group
is very low in agreement with the C K-edge XANES discussed
above. O K-edge XANES from other r-GO sheet shows that the
oxygen functional group exhibits characteristics of a carboxyl
group while an epoxide (rich in GO) feature is absent.83.4 Area selected C K-edge XANES: the central region versus
the edge
The structure variation along selected regions was further
investigated. Two regions were selected as shown in Fig. 3a (each
region about 500 nm 100 nm): region 1 is the thinnest (one and
two layers) and covers an area including the edge of the sheet;
region 2 is a thicker region (three to four layers) near the center of
the sheet away from the edges. It should be noted that the C K-
edge XANES (at normal incidence) of region 1 (red curve) has
a smaller edge jump compared to that of region 2 (black curve)
before normalization. This observation confirms that region 1 is
thinner (see Fig. 3c). The XANES for these two regions after
normalization to a unity edge jump at 314 eV are displayed inFig. 4 C K-edge XANES of r-GO in regions 1 and 2 at 30 degree angle
of incidence relative to normal.
This journal is ª The Royal Society of Chemistry 2011Fig. 3d (red curve for region 1 and black for region 2). As dis-
cussed above, region 1 exhibits more defect features as seen in the
enhanced 283.7 eV resonance. Another observation is that the
normalized intensity of s* at 291.7 eV and multiple scattering
peaks beyond show thickness dependence; i.e. it decreases in
a thicker r-GO region. Since this normalized peak represents the
unoccupied density of states with C 2p character and multiple
scattering states as the photon energy increases beyond the first
s* at 291.7 eV, its variation reflects possible charge redistribu-
tion within different layers of the r-GO sheet and the reduction of
multiple scattering pathways from other layers in the case of
a single layer or bilayer (region 1). This is conceivable since
a thicker r-GO (region 2) has a higher possibility for layer
interaction (for instance, p–p interaction between r-GO layers)
than a thin r-GO (region 1). Very interestingly, the thickness
dependent s* intensity variation is only observed in normal
incident XANES where the absorption is at its maximum but not
in the 30 XANES (Fig. 4 compared with Fig. 3b) where the
sample is thicker. The comparison of C K-edge XANES between
thin and thick r-GO in Fig. 4 also shows that the thin r-GO
(containing the edge region) has a noticeably enhanced 283.7 eV
feature and a weaker p* resonance (hence enhanced s*/p*). This
observation shows that there are rich defects in the edge region as
discussed above. It has been shown that a CNT tip with rich
defects exhibits significantly enhanced intensities of both p*- and
s*-band at C K-edge XANES.47 Spectral features between p*
and s* (288 to 289 eV) in both regions indicate the presence of
oxygen containing groups such as a carboxyl group.
To further check the origin of the enhanced absorption in thin
r-GO, we compare normalized C K-edge XANES of multi-wal-
led carbon nanotubes (MWCNTs)17 to that of r-GO obtained at
normal incident and at 30 degree incidence using STXM (Fig. 5a
normalized at 315 eV, and Fig. 5b normalized at 300 eV). The
MWCNTs show much reduced intensity in their characteristic
p* and s* resonances as well as the multiple scattering regions
than that of r-GO. Assuming that there are no countervailing
scattering and matrix element arguments, we attribute this to the
lack of inter-planar interaction in r-GO which is strong in
MWCNTs. Another observation is the very sharp and very
intense 1st s* (peak at 291.7 eV, also referred to as core exciton
due to its long lifetime) relative to the 2nd s* (peak at 292.7 eV) in
r-GO (lifetime usually gets shorter as the kinetic energy of the
photoelectron trapped in the potential well increases, hence the
resonance gets broader). Such unusually sharp (localized) peak in
r-GO clearly results from the lack of inter-planar interaction, and
this is very likely why graphene plays a crucial role in strength-
ening the interaction with adsorbed metal in the r-GO supported
catalyst, resulting in the enhanced catalytic capability of r-GO
relative to the CNT support.13,20
The structural difference between region 1 and region 2 is
further examined by the azimuthal linear polarization depen-
dence of C K-edge XANES (Fig. 6) with the normal incident
beam. Normalized 291.7 eV (1st s*) and 292.7 eV (2nd s*)
intensity (measured by the height of the resonance, summarized
in Table 2) at different polarizations is shown in Fig. 7. It again
shows that the thinner region containing the edge of the r-GO
layer presents a more obvious angle dependence which can be
due to defects tiling from the basal plane as well as broken
symmetry of the edge atoms. This azimuthal effect also mayJ. Mater. Chem., 2011, 21, 14622–14630 | 14627
Fig. 5 (a) C K-edge XANES of r-GO (black curve) normal incidence, 30
degree incidence (green curve) of the edge region, and MWCNT (blue
curve) normalized at 315 eV; (b) same spectra as presented in (a) but the
spectra were normalized to unit jump at 300 eV instead of 315 eV to
eliminate the possible concern on scattered light. Qualitatively the
intensity hence unoccupied density of state variation between samples
follows the same trend as in (a).
Fig. 6 CK-edge XANES of r-GO in regions 1 and 2 with different linear
E vector orientations: (a) at the center (region 2) and (b) at the edge
(region 1); the illustration of two types of edges, armchair versus zigzag is
shown in the inset.
Table 2 Normalized 1st and 2nd s* resonances with different azimuthal
linear polarization angles for the edge and center regions of the single
r-GO sheet as noted in Fig. 7
Polarization angle
Normalized intensity
Edge Center
1st
s* (exciton) 2nd s*
1st
s* (exciton) 2nd s*
Parallel 5.58 4.49 5.63 4.38
Perpendicular 4.61 4.12 5.13 4.32
30 degree 4.44 4.28 5.53 4.69
30 degree 5.00 4.14 5.54 4.50
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View Article Onlinereflect that the sheet terminates at the edge (region 1). Since there
is no azimuthal dependence for the intensity ratio of those two s*
resonances (molecular axis lies along the C–C bond) for any
symmetry higher than 2 fold,26 the armchair (2 C atoms per six
member ring with a symmetry of 2 fold) should show a stronger
s* polarization difference with parallel and horizontal E vector
relative to the edge (region 1) than that of the zigzag configura-
tion (1 C atom per 6 member ring with infinity symmetry),
although at present we do not have sufficient spatial resolution to
unambiguously distinguish between the termination configura-
tion, armchair and zigzag in region 1. It is also noted that the 1st
s* (291.7 eV) is more angle sensitive than 2nd s* (292.7 eV) in
both regions. The angle dependent information clearly shows the
structural variation between the edge and the center of this
particular r-GO sheet though further investigations are needed to
find out the origin of these experimental observations.14628 | J. Mater. Chem., 2011, 21, 14622–14630 This journal is ª The Royal Society of Chemistry 2011
Fig. 7 Azimuthal linear polarization dependence of the s* resonance in
the single multilayer r-GO sheet. The orientation of the polarization
parallel to the edge is illustrated in the inset.
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View Article Online4. Conclusions
We have reported the chemical mapping of a single r-GO sheet
using XANES obtained by STXM with a spatial resolution of
30 nm. The analysis of STXM at the C K-edge clearly reveals the
layered structure in a single sheet of r-GO and the edge in each
layer. We have been able to track the number of layers by
observing the discrete increment of the optical density. Varia-
tions in the electronic structure and bonding between edge and
center locations have also been studied. The unusually sharp s*
resonance is observed in the thin r-GO layer and is attributed in
part to the presence of non-graphitic domains and much reduced
interaction between r-GO layers if any, consequently, a very
localized transition. The azimuthal dependence of C K-edge
XANES on the linear polarization of the incoming photon
observed at the edge and the center regions shows that there
exists more significant angle dependence in the edge of the gra-
phene due to broken symmetry. The r-GO sample was also
characterized by TEM, AFM and Raman spectroscopy which
strongly support the STXM results.
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